In wheat, exotic genotypes harbor a broad range of spike-related traits, and can be used as a source of new genes for germplasm enhancement in wheat breeding programs. In the present study, a population of 163 recombinant inbred lines was derived from a cross between an elite line (WCB414) and an exotic line (WCB617) with branched spike (supernumerary spikelet; SS) head morphology. The population was evaluated over four to six environments to identify quantitative trait loci (QTL) associated with nine spike-related traits and 10 agronomic traits. A genetic map consisting of 939 diversity arrays technology (DArT) markers was constructed. Composite interval mapping identified a total of 143 QTL located on 17 different wheat chromosomes and included 33 consistent and definitive QTL. The amount of phenotype variation explained (PVE) by individual QTL ranged from 0.61 to 91.8%. One major QTL for glume pubescence was located in a QTL-rich region on the short arm of chromosome 1A, where loci for other traits such as for kernels per spike (KS) and spike length (SL) were also identified. Similarly, a cluster of QTL associated with yield-related, agronomic and spike-related traits contributing up to 40.3% of PVE was found on the short arm of chromosome 2D, in the vicinity of a major QTL for SS-related traits. Consistent and major QTL identified in the present study may be useful in markerassisted breeding programs to facilitate transfer of desirable alleles into other germplasm. Desirable QTL alleles were also contributed by the exotic line, suggesting the possibility of enriching the breeding germplasm with alleles from SS genotypes.
free-threshing (Percival, 1921; Zwer et al., 1995; Jantasuriyarat et al., 2004) . The spikes of common wheat (T. aestivum ssp. aestivum) are characterized as having evenly distributed spikelets, a tough rachis, and are freethreshing (Percival, 1921; Jantasuriyarat et al., 2004) .
The impact of spike-dimension traits on grain yield (GY) has prompted the study of the genetic basis of spike architecture. Three major gene complexes, Q, C, and S1, play important roles in the genetic control of spike dimensions of most wheat subspecies (Miller, 1987; Jantasuriyarat et al., 2004) . In addition, evidence collected during the last 15 yr suggests that variation in spike-dimension traits of common wheat is caused by multiple QTL distributed throughout the wheat genome (Sourdille et al., 2000b; Börner et al., 2002; Jantasuriyarat et al., 2004; Marza et al., 2006; Kumar et al., 2007; Ma et al., 2007; Chu et al., 2008; Cui et al., 2012) . However, the genetic basis of spike configurations such as fusiform, oblong, and clavate (Briggle and Reitz, 1963) forms has yet to be established.
In recent times, most of the QTL mapping studies typically use elite × elite populations to discover QTL and associated molecular markers suitable for breeding programs (Würschum, 2012) . The QTL identified in such populations are often fixed in the cultivated germplasm. The use of populations derived from exotic × elite crosses can help expose adapted traits and their underlying genes and increase the gene pool for desired traits. For example, synthetic lines derived from the cross of tetraploid T. turgidum and diploid T. taushii have been used to map QTL for agronomic (Börner et al., 2002; Kumar et al., 2007) , morphological (Jantasuriyarat et al., 2004) , and quality traits (Nelson et al., 2006) . Exotic wheat germplasm exhibits broad spike diversity for spike-related traits (Sharman, 1967; Martinek and Bednár, 1998) . Branched spikes, also known as SS, are one of the most well-known exotic variations in spike architecture (Sharman, 1967; Koric, 1973; Pennell and Halloran, 1983; Martinek and Bednár, 1998; Klindworth et al., 1990a Klindworth et al., , 1990b Hucl and Fowler, 1992; Dobrovolskaya et al., 2009; Haque et al., 2012; ) . Spikes from SS lines have more than one spikelet per rachis node, and have been suggested as a means of increasing wheat yield by increasing the number of fertile florets from which the grain develops (Pennell and Halloran 1983 , 1984a , 1984b Hucl and Fowler 1992) . Several studies suggest that the SS trait is controlled by at least three genes (Koric, 1973; Pennell and Halloran, 1983; Klindworth et al., 1990a; EcheverrySolarte et al., 2014) including a major gene located on chromosome 2D (Klindworth et al., 1990b; Dobrovolskaya et al., 2009; Echeverry-Solarte et al., 2014) . Apparently, the gene on chromosome 2D is a suppressor of SS gene expression in commercial wheat cultivars (Pennell and Halloran, 1983; Echeverry-Solarte et al., 2014) .
The impact of SS on other spike-related traits is not well known; some studies have found that branched genotypes are negatively associated with agronomic traits, including reduced number of tillers, fewer grains per spike, low kernel weight, sterility in several florets, delayed days to heading (DH) and maturity (DM), and low GY (Percival, 1921; Koric, 1973; Millet, 1986 Millet, , 1987 Hucl and Fowler, 1992; Zhang et al., 2012) . However, considering the broad genetic diversity of branched spikes in Triticeae (Sharman, 1967; Martinek and Bednár, 1998) , some branched genotypes defy these generalizations. For instance, some lines in Tibetan Triple-Spikelet wheat have excellent spike grain production (>120 seeds per spike) with respectable thousand-kernel weight (Yang et al., 2005) . Moreover, it has also been suggested that the GY of branched genotypes can be increased if the fertility of the florets is improved Halloran, 1984a, 1984b) .
Past studies investigating the association of agronomically important traits (AIT) in branched genotypes were based on phenotypic analyses. Some studies used molecular markers to identify genetic regions controlling the SS trait (Dobrovolskaya et al., 2009; Li et al., 2011; Haque et al., 2012; Echeverry-Solarte et al., 2014) , but none investigated the association of these loci with other AIT. In the present study, a recombinant inbred line (RIL) population derived from a cross between an elite white wheat line (WCB414) and a wheat line with SS and pubescence on glumes (WCB617) was used to (i) detect QTL for nine spike-related traits and 10 important AIT of spring wheat; (ii) identify if the QTL/genes for SS-related share common genomic region with QTL for spike-related and AIT; and (iii) identify novel genes and/or alleles with potential use in breeding programs for wheat improvement.
Materials and Methods

Plant Material
A population of 163 RILs was developed from a cross between the hexaploid hard white wheat (HWW) elite line WCB414 with the exotic hexaploid hard red wheat (HRSW) line WCB617. The line WCB414 has conventional (fusiform), awned, and glabrous wheat spikes; meanwhile, WCB617 is a plant introduction (pending to registration) characterized by the productions of SS, heterobraching behavior, awned spikes, and pubescencent glumes (Echeverry-Solarte et al., 2014) . Single seed descent was used to advance the population from F 2 to F 2:7 generation. Following the 2009 and 2010 growing seasons, seed increase of each genotype was done by harvesting one spike from each experimental unit then sent to New Zealand to be grown as a head-row. The bulked seed from each head row was then planted in the next season. Therefore, the RIL population was assessed at F 7:9 , F 10:11 , and F 12:13 generations in 2009, 2010, and 2011, respectively . More details about the mapping population have been described elsewhere (Echeverry-Solarte et al., 2014) . WCB414 is an elite line with fusiform architecture, awned, and glabrous glumes, while WCB617 is an exotic line with SS, awns, and pubescence on the glumes. Seven checks, 'Alsen' (PI 615543; Frohberg et al., 2006) , 'Steele-ND' (PI 634981; Mergoum et al., 2005b) , 'Glenn' (PI 639273; Mergoum et al., 2006) , 'Faller' (PI 648350; Mergoum et al., 2008) , 'Barlow' (PI 658018; Mergoum et al., 2011), 'Briggs' (PI 632970; Devkota et al., 2007) , and 'Alpine' (Agripro wheat variety, Syngenta Cereals, Berthoud, CO) also were included. All the checks are HRSW except Alpine, which is a HWW.
Field Experiment
The parents, RILs, and checks were planted in a 13 × 13 partially balanced square lattice design with two replicates at Prosper and Carrington, ND, USA, in summer 2009 , 2010 . Because of a limited number of seeds in 2009, the parent WCB617 was planted in two row plots in each environment. The remaining five rows were planted with the commercial variety Glenn. The two rows of WCB617 were harvested by hand in 2009.
Spike-Related Traits
The head morphology traits penetrance of pubescence (PP), measuring glabrous spikes, and penetrance of clavate architecture (PC), measuring fusiform architecture, were assessed using a scale of 0 to 4, where 4 indicates all spikes in the experimental unit were pubescent or clavate, and 0 indicates that all spikes were glabrous or fusiform. An experimental unit with a ratio of 3:1 (Pubescent = glabrous spike type; or, clavate = fusiform spike type) corresponded to a score of 3, a ratio 1:1 was scored as 2, and a ratio 1:3 was scored as 1.
Four spikes were taken randomly from the primary tillers from each experimental unit to measure spikerelated traits. Spikes of the prevalent phenotype were collected in plots with penetrance of supernumerary spikelets (PSS; Echeverry-Solarte et al., 2014) , PP and PC scores of 3 and 1 following methodology used in Echeverry-Solarte et al. (2014) . When two phenotypes were present in equal proportions (ratio of 1:1; score 2) in any particular replicate of any environment, the phenotypic score for that particular genotype was decided based on the phenotype of other replicates through the environments. The other spike-related traits for which data were recorded include SL in centimeters, measured from the base of the rachis to the top of the uppermost spikelet, excluding awns; the number of nodes per spike (Nd); node density (NdD, nodes cm -1 ) calculated as Nd/ SL; awn length at the bottom of spike (ALB), determined from the mean length of three awns collected randomly in the first three fully developed spikelets located at the spike base; awn length at the top of the spike (ALT), calculated from the mean length of three awns collected in the last four fully developed spikelets at the spike top; awn length at middle of the spike (ALM), obtained from the average length of three awns collected in the spikelets located between the first three fully developed spikelets at the spike base and the last four fully developed spikelets at the spike top; and awn averaged length total (AAL), calculated as the mean of all the awn lengths measured per spike. In all the measurements of awns, the awns were chosen randomly from all the lemmas in specific spikelets; awns with evidence of damage were discarded. For each of these spike-related traits, the mean from the four spikes was calculated and used for final analysis. The traits PC, SL, Nd, and NdD were considered spike-size-related traits; while, ALB, ALM, ALT, and AAL were considered awn-related traits.
In 2011, PSS, PP, and PC assessments were performed in both locations, but other spike measurements could not be collected because the Carrington location was severely affected by hail, and the Prosper location by flood. Consequently, for all traits except PSS, PP, and PC, data were recorded in four environments.
Agronomic Traits
The agronomic traits assessed in this study were DH, determined as the number of days from planting to heading; plant height (PH), measured (centimeters) at maturity from the soil surface to the tip of the spike, excluding the awns; DM determined as the number of days from planting to maturity (appearance of peduncle senescence at the base of the spikes); number of spikes (NS, spikes per square meter), determined by counting the number of stems in two 61-cm-long rows per plot and subsequently converted to stems per square meter; percentage of lodging (Ld), visually estimated by the degree (angle) and number of plants that lodged; number of nodes with immature spikelets at the spike base (NdISk); kernels per spike (KS), determined from prevalent-type spikes per plot collected before the harvesting of each experimental unit; kernels per spikelet (KSk) calculated from the means of five randomly selected fully-developed spikelets per spike; and kernels per node (KNd) obtained from the average of five randomly selected nodes per spike with fully-developed spikelets. In the case of spike with non-SS, the mean value obtained for KSk was used for KNd. The four spikes used in the spike-related measurements were used to collect data on KSk and KNd. Therefore, a total of 20 measurements of KSk and KNd per genotype were collected and then averaged. After harvesting, grain samples were cleaned using a clipper grain cleaner before GY was measured. The GY (kg ha -1 ) of each genotype was determined from the total mass of seed harvested from each plot. Considering that the parent WCB617 was only planted in two rows in 2009, an estimated GY for the entire plot was determined based on GY from two rows. The traits NdISk, KS, KSk, KNd, NS, and GY were considered as yield components in this study. The traits PH, Ld, DH, and DM were collectively termed plant adaptation-related traits. Plant height was scored in all six environments, while NS was scored in five environments (all, except Prosper 2011). Similarly, DH was collected in all environments except Carrington 2011, and DM was collected in all environments except Carrington 2009. Lodging was scored in four environments (Prosper 2009 (Prosper , 2010 (Prosper , and 2011 and Carrington 2011) . Data on the traits GY and KS were collected at Carrington and Prosper in 2009 and 2010.
The evaluations of PSS reported by Echeverry-Solarte et al. (2014) were correlated with the spike-related and agronomic traits to identify effect of SS on other traits.
Statistical Analysis
Analysis of variance for a lattice design was performed for each trait using the single environment data. The MIXED procedure of SAS (SAS Institute, 2004) was used for these analyses, where the RILs, parental genotypes, and checks were considered as fixed effects, and blocks were considered as random effects. Phonotypic means for traits were calculated using adjusted means. The F-tests were considered significant at P £ 0.05. Combined ANOVA analysis over environments was performed to estimate genotype × environment interaction, if the ratio between the largest and smallest experimental error for each environment was less than 10-fold (F max ratio; Tabachnik and Fidell, 2001) . Combined ANOVA was performed through the MIXED procedure of SAS (SAS Institute, 2004) considering the genotypes as fixed effects and blocks and environments as random effect. Adjusted means were calculated for phenotypic traits throughout this analysis. Mean separation tests were conducted using an F-protected least significant difference (LSD) value. Pearson's correlation between traits was calculated in each environment. Correlation coefficients were considered significant at P £ 0.05. Significant correlation coefficients obtained in each environment were assessed for homogeneity across environments (AE) at P £ 0.005, following the steps described by Gomez and Gomez (1984) . Pooled correlations were calculated among homogenous correlations and considered as significant at P £ 0.05.
Broad sense heritability was estimated on a plot basis (Holland et al., 2003) using the MIXED procedure of SAS (SAS Institute, 2004) , excluding the parent and check means, using the following formula: Molecular Marker Analysis, Map Construction, QTL Identification, and Genotypic Analysis Molecular map construction for this population has been described in Echeverry-Solarte et al. (2014) . The map was constructed with 939 DArT markers organized in 38 linkage groups representing 20 wheat chromosomes (chromosome 4D was not represented by the polymorphic markers of this population). The map covered a total distance of 3114.2 cM, with an average distance between two markers of 4.6 cM. QTL Cartographer V2.5_011 was used to conduct composite interval mapping using the forward regression method and default conditions. The QTL analysis was conducted for each trait in each environment as well as AE. A minimum LOD score of 2.5 was used to declare a putative QTL. Permutation test with 500 permutations was used to determine critical LOD threshold (a = 0.05). Putative QTL below this critical threshold and identified only in one environment were not considered. If a putative QTL was identified in more than one environment (including AE), the QTL was reported regardless of significance in the permutation test. However, a QTL was declared consistent when it was detected in at least 50% of the environments in which the trait was studied (AE was not considered as an environment for this purpose). A QTL was declared as definitive when it was detected above the critical LOD threshold (a = 0.05) in at least one environment and/or AE.
Confidence intervals (CI) were calculated using ±2 LOD (from the peak) method (Lander and Botstein, 1989) . The QTL with overlapping CIs were considered as one QTL. A QTL was declared major when it explained 15% or more of phenotypic variation (PV) in at least one environment. Linkage groups, QTL, and CI for QTL were plotted with MapChart 2.2 (Voorrips, 2002) .
Seven cultivars and 14 elite lines of HRSW were also genotyped with the same DArT markers used in the RIL population (WHEAT 2.6 DArT array). The cultivars genotyped included Alsen (PI 615543; Frohberg et al., 2006) , Steele-ND (PI 634981; Mergoum et al., 2005b) , Glenn (PI 639273; Mergoum et al., 2006) , Faller (PI 648350; Mergoum et al., 2008) , Barlow (PI 658018; Mergoum et al., 2011) , 'Dapps' (Mergoum et al., 2005a) , and 'Mott', a HRSW cultivar with semisolid stem released by NDSU in 2009 (unpublished data; M. personal communication, 2014) . Graphical genotype using GGT software (van Berloo, 2008) was performed for these 21 lines to observe allelic diversity at the consistent QTL where WCB617 provided superior alleles.
Results
Phenotypic Variation
The RIL population segregated for presence or absence of SS, pubescence, and clavate or fusiform architecture (Fig. 1) . However, the prevalent spike phenotype in the RIL population was nonbranched, glabrous, fusiform, and awned. For some RIL with presence of pubescence, glabrous spikes also were observed. This phenomenon was called heteropubescence, and was assessed through the PP trait. Similarly, for RILs with presence of clavate architecture, fusiform spikes also were observed. This phenomenon was referred to as heteroclavate and was assessed by PC trait. Error variances among the environments were homogenous for the traits, so combined analysis AE was performed. Combined ANOVA and broad-sense heritability for each trait are presented in Supplementary Table 1 ). Through combined ANOVA analysis, we observed that 86 RIL were classified as glabrous (PP = 0), 29 RIL were heteropubescent with prevalence of glabrous type (0.1 £ PP £ 1.4), 24 RIL were heteropubescent with prevalence of pubescent type (1.4 £ PP £ 3.9), and 24 RILs had a PP mean of four. Across the environments, nontransgressive segregation was observed for PP (Supplementary Table 1 and Supplementary Fig. 1 ).
In all the environments, both parents were fusiform at the apical region of the spike (PC = 0). Through combined ANOVA, it was observed that a total of 136 RIL were fusiform (PC = 0), 21 RIL were heteroclavate with prevalence of fusiform spikes (0.1 £ PC £ 1.9), and six RIL were heteroclavate with prevalence of clavate spikes (2.3 £ PC £ 3.8).
Across the environments, the exotic parent WCB617 had larger means than WCB414 for the spike size traits (SL, Nd, NdD), but lower values for the awn-related traits (ALB, ALM, ALT, and AAL; Supplementary Table 1) . Except for Nd, transgressive segregation in direction of both parents was observed for these traits. For Nd, transgressive segregation was observed only toward WCB414 ( Supplementary  Fig. 1 ). For agronomic traits, WCB414 performed better than WCB617 in the mean data AE. Thus, for GY, NS, KS, KSk, and KNd, the elite parent had higher means than the branched parent; while for NdISk, PH, Ld, DH, and DM, the elite parent had lower means than WCB617 (Supplementary Table 3 ). For most of these agronomic traits, RILs showed transgressive segregation in the direction of both the parents AE. Exceptions were observed for KSk and GY, where transgressive segregation was observed toward WCB414 only ( Supplementary Fig. 2 ).
The presence of branched spikes and/or spikes with pubescence was positively correlated with spike-size traits (SL, Nd, and NdD), NdISk, and DH, but negatively correlated with awn-related traits and most of the GY components (Supplementary Table 4 ). Spikes with clavate architecture (PC) were positively correlated with Nd, NdD, DH, DM, and KS, but negatively with SL, and NS. These spikes also were correlated with some awn-related traits and GY components, but their associations were observed in only one environment. Spike size measurements were negatively correlated with ALT, ALL (except SL), NS, and most of the GY components; however, these spike-size related traits were positively correlated with DH, DM, and Ld. Except NdISk, the GY components were positively correlated. The trait DH and DM trend to be negatively associated to GY components. The exception was observed for KS, which did not show consistent correlation with DH and DM. The trait PH was positively associated to several GY components; however, several of these associations were observed only in one environment. The trait Ld was negatively associated with most of the GY components, except NdISk (Supplementary Table 4 ).
QTL Mapping
A total of 143 QTL located on 17 different chromosomes were identified in this study (Tables 1 and 2 , Fig. 2 ). A maximum of 16 QTL were identified on chromosome 1A, followed by chromosomes 5B and 7B with 13 QTL each. Chromosomes 2D and 6B each had 12 QTL; chromosome 2A had 10 QTL; chromosomes 3A and 1D had 8 QTL each; chromosomes 4A and 7A had 7 QTL each; chromosomes 1B, 3B, 4B, and 6A each had 6 QTL; chromosomes 2B and 3D had 5 QTL each; and chromosome 5A had 3 QTL. No QTL were observed on the linkage groups belonging to chromosomes 5D, 6D, and 7D. The B-genome had the highest number of QTL (61), followed by A-genome (57), and D-genome (25).
The trait AAL was associated with four QTL, the minimum number of QTL for a trait in this study. Five QTL each were found for NdD, KSk, and KS; six QTL were identified for SL; seven QTL each were found for PC, PP, Nd, ALB, and ALT; eight QTL each were associated with ALM, NdISk, KNd, Ld, and DH; nine QTL were identified for GY; 10 QTL each were recognized for DM and PH; and 14 QTL were associated with NS, the maximum number of QTL for a trait in this study (Tables 1 and 2) .
Composite interval mapping showed that most of the traits are controlled by multiple QTL affected by environmental conditions. From the 143 QTL detected, 26 Table 1 . Quantitative trait loci (QTL) identified for spike-related traits in a recombinant inbred line (RIL) population of hexaploid wheat derived from the cross of an elite line and an exotic line with supernumerary spikelets. † QTL were major (explained > 15% of PV), and 117 QTL were minor QTL; while 35 QTL were classified as consistent, and 108 were called as putative QTL. Except for NS, at least one consistent and definitive QTL was identified for all the traits. For the spike-related traits SL, Nd, NdD, PC, PP, ALB, ALT, ALM, and AAL, the maximum PVE explained by all the QTL in one environment or AE was 27.5, 67.4, 47.0, 27.5, 95.0, 38.3, 61.4, 40.9 , and 20.2%, respectively (Table 1) 
QTL Environment
‡ Flanking markers Position CI LOD a R 2 ------cM ------ %(cont'd) QTL Environment ‡ Flanking markers Position CI LOD a R 2 ------cM ------ % QALT.ndsu.5A IV,
Discussion
Phenotypic Variation
A cross between the branched and pubescent exotic line WCB617 and the glabrous and conventional-spike-type elite line WCB414 resulted in a population that segregated for a large number of spike-related traits. Most of these traits exhibited transgressive segregation, and in the case of PC, the trait was absent in the parents. This situation reveals the presence of new allelic combinations which are usually absent in the elite × elite cross where most such alleles are fixed.
Genotypes with the clavate trait also expressed fusiform spikes, while some RIL with glume pubescence had glabrous spikes. A similar situation known as heterobranching was described for the SS trait in this population previously (Echeverry-Solarte et al., 2014) . The presence of seed admixture as a cause for this phenomena was dismissed, considering that the seeds from each genotype were derived from individual head-rows. To the best of our knowledge, this observation (i.e., the presence of clavate architecture and glume pubescence) was not reported previously. Therefore, we named these novel phenotypes as heteroclavate and heteropubescent phenotypes, and the causes of their expression needs to be clarified in future studies. This was the first time that a RIL population segregating for SS was used to study spike-related and AIT. With some exceptions, PSS and PP had the same type of correlations exhibited by other traits (Supplementary Table 4 ). Both traits are positively correlated with SL, Nd, NdD, NdISk, and DH; but negatively associated to awn length, NS, KSk, and GY. These results demonstrate poor agronomic performance of branched lines and pubescent lines in this population. Previous studies also indicated poor agronomic performance of genotypes with SS (Percival, 1921; Koric, 1973; Millet, 1986 Millet, , 1987 Hucl and Fowler, 1992; Zhang et al., 2012) .
The genetics of Nd have been studied previously by counting the number of spikelets per spike (Sk; Sourdille et al., 2000b Sourdille et al., , 2003 Jantasuriyarat et al., 2004; Kumar et al., 2007; Li et al., 2007; Chu et al., 2008; Cui et al., 2012) . In these studies, the spikes had one spikelet per rachis node, making Nd and Sk equivalent. In our study, however, RILs with SS had different values for Nd and Sk. In fact, we studied and presented the genetics of Sk as a component of SS in a previous report (Echeverry-Solarte et al., 2014) . Likewise, the trait NdD is comparable with the trait spike density (SD) or compactness reported previously (Sourdille et al., 2000b (Sourdille et al., , 2003 Jantasuriyarat et al., 2004; Marza et al., 2006; Ma et al., 2007; Chu et al., 2008; Cui et al., 2012) . Spike density is determined as the ratio between Sk and SL. However, as SS and SD have been considered same traits in our earlier study (EcheverrySolarte et al., 2014) , we determined NdD as the ratio between Nd and SL. 
QTL for Spike-Size-Related Traits
The exotic parent WCB617 contributed all the QTL alleles that increased phenotypic values of SL and Nd in this population. This is consistent with the differences for SL and Nd between the parents, which resulted in favor of WCB617 in all the environments (Supplementary Table 1 ). Overlapping between positions and/or CI of QTL for SL and Nd were observed in this population (Table 1, Fig. 2) , suggesting a close linkage between genes and/or pleiotropic effects of same genes on these spikedimension-related traits. These situations were observed at QSL.ndsu. 1A.1 and QNd.ndsu.1A.1; QSL.ndsu.1A.2 and QNd.ndsu.1A.2; QSL.ndsu.2D and QNd.ndsu.2D; and QSL.ndsu.4B and QNd.ndsu Fig. 2 ). Interestingly, chromosome 1A has been recognized in most of the previous studies as a carrier of SL genes (Sourdille et al., 2000b; Marza et al., 2006; Kumar et al., 2007; Ma et al., 2007; Heidari et al., 2011 (Suenaga et al., 2005; Heidari et al., 2011) . Indeed, the tin gene also cosegregated with gwm136 (Spielmeyer and Richards, 2004) , which in turn cosegregated with wPt-6709 (Francki et al., 2009) . In this study, wPt-6709 is located in the regions associated with QSL.ndsu.1A.1 and QNd.ndsu.1A.1, suggesting the probable location of the tin gene in the RIL population. However, in contrast to the exotic gigas germplasm, QSL.ndsu.1A.1 or QNd.ndsu.1A.1 does not produce extremely large spikes and neither QTL is linked to QTL associated to NS in the present study (Fig. 2) . Therefore, alleles from the branched phenotype at QSL. ndsu.1A1 or QNd.ndsu.1A.1 could be an excellent source to increase spike dimensions and ultimately GY, without a reduction in tiller production.
Another important genomic region with linked QTL for SL and Nd was located on chromosome 2DS. This region harbors the consistent QTL QSL.ndsu.2D and QNd.ndsu.2D for spike-size traits. QNd.ndsu.2D showed major effect on ND, while QSL.ndsu.2D exhibited minor effect on SL (Table 1 ). The position of these QTL on chromosome 2DS coincides with previous identified QTL for SL and Nd (Sourdille et al., 2000b; Suenaga et al., 2005; Kumar et al., 2007; Heidari et al., 2011) . These QTL are located in a gene-rich region (Erayman et al., 2004) which also harbors a major gene for SS, identified earlier in this population (Echeverry-Solarte et al., 2014) . Previous studies in gigas germplasm have shown that a QTL for SL on 2DS cosegregated with SSR marker gwm261, which also is associated with the semidwarf gene Rht8 (Suenaga et al., 2005; Heidari et al., 2011) . Based on these observations, we suggest that QSL.ndsu.2D and QNd.ndsu.2D may be associated with or represent the semidwarf gene Rht8, which affects SL. The third common genomic region associated with both SL (QSL.ndsu.4B) and Nd (QNd. ndsu.4B) was located on chromosome 4B (Table 1, Fig.  2 ). These two QTL were also colocated with QTL for PH (QPH.ndsu.4B) and Ld (QLD.ndsu.4B). Chromosome 4B has been known to harbor major the semidwarf gene Rht-B1 (Rht1), which is present in most modern-day cultivars (McCartney et al., 2005) , meaning that QPH.ndsu.4B likely corresponds to Rht-B1 (Rht1). It is possible that the gene Rht-B1 (QPH.ndsu.4B) present is this population may have pleiotropic effect on SL, Nd, and Ld as well.
In addition to the above discussed colocalized regions for SL and Nd, several regions unique to these two traits also were observed in the population. These genomic regions were located on chromosomes 2BS (QSL.ndsu.2B), 4AL (QSL.ndsu.4A, QNNd.ndsu.4A), 1DL (QNd.ndsu.1D), and 2A (QNNd.ndsu.2A). The QTL for SL on chromosome 4AL (QSL.ndsu.4A) was a major QTL that explained up to 17.8% of PV (Table 1) . Most of the previous QTLmapping studies for SL also detected a QTL for this trait on chromosome 4AL (Börner et al., 2002; Jantasuriyarat et al., 2004; Kumar et al., 2007; Chu et al., 2008) . The QTL for Nd on chromosome 1D (QNd.ndsu.1D) also seems important, as it was a consistent and definitive QTL and could be the same as reported earlier for number of spikelets per spike in another population (Cui et al., 2012) .
The identification of a definitive QTL associated to NdD on chromosome 2D (QNdD.ndsu.2D) is in agreement with previous reports (Sourdille et al., 2000b (Sourdille et al., , 2003 Ma et al., 2007; Heidari et al., 2011; and Cui et al., 2012) . However, the PVE by QNdD.ndsu.2D is higher (35.1%) compared with earlier studies. The QTL on chromosome 2D was located in the same region where QSS.ndsu.2D, a major QTL for SS, was detected (Echeverry-Solarte et al., 2014) . Interestingly, although NdD is derived from the ratio of Nd and SL, no QTL detected for NdD shared the same positions as QTL for Nd and SL. Instead, NdD and PC shared a minor a putative QTL on chromosome 5BL (QNdD.ndsu.5B and QPC.ndsu.5B.1), perhaps because clavate spikes denoted by changes in spike density. The presence of QTL for NdD on chromosomes 5B (QNdD. ndsu.5B) and 7B (QNdD.ndsu.7B) also is supported by previous studies reporting a QTL for SD on those chromosomes (Marza et al., 2006; Ma et al., 2007; Chu et al., 2008) . To our best knowledge, this is the first time that QTL for NdD (or SD for non-SS genotypes) are reported on chromosome 7A (QNdD.ndsu.7A.1, QNdD.ndsu.7A.2).
Clavate spikes were observed in a total of 27 RIL, but neither of the parents showed this phenotype, probably due to the presence of some repressors. Therefore, we believe that this trait could be the result of new allelic combinations generated via recombination between chromatids from WCB414 and WCB617. The identification of seven QTL associated with PC (QPC.ndsu.1B, QPC.ndsu. 3B1, QLPC.ndsu.3B2, QPC.ndsu.4A, QPC. ndsu.5B1, QPC.ndsu.5B2, and QPC.ndsu.6B1) suggests that this trait is polygenic in nature. To the best of our knowledge, this also is the first time that clavate spike architecture was studied and genetically dissected in common wheat. The most similar studies on clavate-like spike were conducted on club wheat subspecies (Zwer et al., 1995; Johnson et al., 2008) . In club wheat, spikes are uniformly dense, short, stiff, and compact, with a SL of 3.5 to 6 cm, and consisting of 17 to 25 closely packed spikelets (Percival, 1921) . The spike architecture of club wheat is determined by the C locus, which has been located close to the centromere of chromosome 2D (Johnson et al., 2008) . Apparently, in common wheat, the C locus is monomorphic because no studies identified QTL associated with spike morphology in the same location as C locus (Johnson et al., 2008) . The absence of QTL for PC on chromosome 2D indicates that the clavate architecture is not controlled by the C locus. Indeed, the identification of seven QTL associated with PC is in agreement with results reported in many studies that indicate that spike architecture in common wheat is controlled by multiple QTL scattered throughout the genome (Sourdille et al., 2000b; Börner et al., 2002; Jantasuriyarat et al., 2004; Marza et al., 2006; Kumar et al., 2007; Ma et al., 2007; Chu et al., 2008; Cui et al., 2012) . Although none of the QTL associated with PC explained more than 15% of PV, it is worth highlighting the consistency observed for QPC.ndsu.4A AE. Most likely, the QTL located on chromosome 4A (QPC.ndsu.4A) seems to be an important locus for PC, as it was consistently detected across the environments.
QTL for Awn-Related Traits
The phenotypic dissection of awn length into three spike areas (ALB, ALM, and ALT) detected more QTL than a simple average of all the awn measurements (AAL; Table 1, Fig. 2 ). In wheat, the genes Hd, B1, and B2 located on chromosomes 4AS, 5AL, and 6BL respectively, have been previously associated with awnlessness (Rao, 1981) . Moreover, in the past, the presence of QTL on chromosomes 2DS, 4AS, and 6BL associated with ALT, ALB, ALM, and AAL also have been reported (Sourdille et al., 2002 (Sourdille et al., , 2003 . The QTL located on chromosomes 4AS and 6BL were found to cosegregate with the genes Hd and B2, respectively (Sourdille et al., 2002) . The present study also identified QTL associated with awns on chromosomes 2DS, 5AL, and 6BL (QALT.ndsu.2D, QALT. ndsu.5A, QALM.ndsu.5A, and QALM.ndsu.6B.1). However, contrary to previous studies, the present research identified several additional QTL demonstrating the polygenic control of awn length in wheat. Nevertheless, it bears mention that this is the first time that a RIL population derived from a branched and awned parent and an awned elite line was used to study the genetics of awn length. Therefore, differences between our results and the previous studies may be explained by differences in the germplasm used in different studies.
In this study, one QTL located on chromosome 7BL was common across the different awn metrics. This finding suggests that chromosome 7BL carries a gene controlling awn length across the entire spike. To the best of our knowledge, none of the previous studies have reported a QTL for awn length on chromosome 7B, suggesting that this could be a novel locus. In this population, the chromosome 7B also harbors two consistent loci associated to SS (Echeverry-Solarte et al., 2014), as well as putative QTL for PH, DH, DM, KSk, NdD, and Ld (Supplementary Table 4, Table 1 , Fig. 2) , making it an important target for future studies. The traits ALT and ALM also shared common QTL on chromosomes 5A (QALT. ndsu. 5A and QALM.ndsu.5A) and 5B (QALT.ndsu.5B and QALM.ndsu.5B). The QTL on chromosome 5B was also detected for AAL trait, suggesting its importance in the determination of the awn length; especially at the top and middle of the spike. Similarly, ALB and AAL had a common QTL on chromosome 6A (QALB.ndsu.6A and QAAL.ndsu.6A). Among the QTL detected for only one awn-related trait, QALT.ndsu.2D detected for ALT, seems important, as it was detected in all environments and explained up to 20% of PV. Interestingly, QALT.ndsu.2D overlapped with QGY.ndsu.2D (Fig. 2) , a consistent QTL for GY that explained up to 40.34% of PV for GY (Table  2 ). This result is in agreement with the positive correlations observed between ALT and GY (Supplementary Table 4 ) suggesting a pleiotropic effect of this region on both traits. Although the photosynthetic role of the awns is well known, the impact of awn suppression on GY seems to be genotype-dependent (Weyhrich et al., 1994) . Nevertheless, the results observed in this study suggest that awns at the top of the spike have a major impact on GY. Molecular markers developed from QGY.ndsu.2D and/or QALT.ndsu.2D could be useful in the selection of cultivars with optimal GY and long awns at the spike top.
QTL for Yield and Yield Components
The identification of multiple QTL for GY and its components (Table 2 , Fig. 2 ) is in accordance with previous studies that identified polygenic control of these traits and/ or high effects of the environment on their expression (Börner et al., 2002; Huang et al., 2003 Huang et al., , 2004 McCartney et al., 2005; Marza et al., 2006; Kuchel et al., 2007; Kumar et al., 2007; Li et al., 2007; Ma et al., 2007; Cuthbert et al., 2008; Wang et al., 2009; Heidari et al., 2011; Bennett et al., 2012a; Cui et al., 2012; Mergoum et al., 2013) .
The spikelets in the middle of the wheat spikes develop before the other spikelets at the bottom or top of the spike (Sharman, 1967) . Hence, it is common to observe immature spikelets at the spike base. The genetics of immature spikelets have received the attention in some studies, investigating their impact on the number of grain per spikes and ultimately on GY (Ma et al., 2007; Li et al., 2007) . The trait NdISk assessed in this study is comparable to the basal sterile spikelet number studied in conventional spikes (Ma et al., 2007; Cui et al., 2012) . In the branched spikes studied in this population, the presence of a large number of immature spikelets at the bottom of the spike is obvious, but it is often not possible to distinguish immature spikelets from others at each rachis node. Therefore, it was decided to count the nodes with immature spikelets instead of the number of spikelets. Interestingly, the position of the definitive and major QTL for NdISK (QNdISk.ndsu.2D) overlaps the position of the major QTL associated to PSS (QNdISk. ndsu.2D; Fig. 2 ) suggesting an effect of the SS phenotype on the development of spikelets at the spike base. The location of definitive QTL for NdISk on chromosomes 1AL (QNdISk.ndsu.1A) and 2DS (QNdISk.ndsu.2D) is in agreement with a previous study by Cui et al. (2012) .
The number of KSk is an indirect measurement of floret fertility. The genetics of KSk has been traditionally studied through progeny analysis (Sayed 1978; Ibrahim et al., 1983) , but there are limited studies reporting the genetic dissection of this trait using molecular markers (Bennett et al., 2012a) . Although an earlier study conducted under water-limited environments reported six QTL for KSk, none were located on chromosomes 2BL, 2DS, 6BL, and 7BL, where QTL were identified in the present study (Table 2 and Fig. 2 ). This could be due either to different genetic material used in these studies or to differences in environmental conditions. Most of the alleles that contributed to increase KSk were derived from the elite parent WCB414. This was expected, considering that WCB414 always had higher values for KSk compared with WCB617 (Supplementary Table 4) . QKSk. ndsu.2B, QKSk.ndsu.2D, and QKSk.ndsu.6B were definitive QTL associated with KSk; however, only QKSk. ndsu.2D was a major QTL which was closely linked to QSS.ndsu.2D, the major QTL associated with SS (Fig. 2) . This important QTL overlapped with QDH.ndsu.2D, a consistent and definitive QTL for DH which seems to be the photoperiod response gene (Ppd1; see below for further discussion). This observation is in agreement with the negative association between KSk and DH observed in this study (Supplementary Table 4 ). Previous studies have demonstrated that Ppd1 gene has pleiotropic effects on yield components (including spikelet fertility) which are environmentally regulated (Foulkes et al., 2004) .
Considering that branched spikes have several spikelets per rachis node, we analyzed the KNd. Since conventional spikes (non-SS) have the same phenotypic value for KSk and KNd, we expected to discover common QTL between these traits. However, only QKSk.ndsu.6B and QKNd.ndsu.6B (detected in only one environment) shared the same position. This result suggests independent genetic control of these traits. Among the QTL associated with KNd, only QKNd.ndsu.1A was consistently detected in half of the environments studied, and had the largest percentage of PVE (up to 11.31%). This QTL was located in a QTL cluster on chromosome 1AL together with consistent QTL for NdISk (QNdISk.ndsu.1A) and ALT (QALT.ndsu.1A), suggesting pleiotropic effects of this genomic region. Indeed, KNd was negatively correlated with NdISk, but was not consistently correlated with ALT (Supplementary Table 4) . Kernels per spike is another important yield component that has been studied extensively in the past. For this trait, the identification of a consistent QTL on chromosomes 1AS (QKS.ndsu.1A) and 4AL (QKS.ndsu.4A), as well as putative QTL on chromosomes 1B (QKS.ndsu.1B) and 2DS (QKS.ndsu.2D), is consistent with previous studies (Börner et al., 2002; Marza et al., 2006; Cuthbert et al., 2008; Wang et al., 2009; Bennett et al., 2012a) . QKS. ndsu.4A is colocated with QKNd.ndsu.4A and QNd. ndsu.4A, two putative QTL for KNd and Nd (Fig. 2) , suggesting pleiotropic effect of this genetic region for these traits. Meanwhile, the position of QKS.ndsu.1A overlapped a major QTL for glume pubescence (QPP.ndsu.1A), as well as a consistent QTL for SL (QSL.ndsu.1A.1), and Nd (QNd.ndsu.1A.1). Interestingly, the branched parent (WCB617) is the source of the alleles that increased KS at QKS.ndsu.1A and QKS.ndsu.4A . Considering the consistency of these QTL, these alleles could be of great interest for breeding programs seeking to increase KS.
Fourteen QTL related to NS were identified-the largest number of QTL found for a trait in this study. However, none of these QTL were consistent AE, suggesting high environment effects on the expression of the genes associated with NS. Among these putative QTL for NS, three (QNS.ndsu.2A, QNS.ndsu.5A, and QNS.ndsu.7A) explained > 15% of PV in some environments. The location of these major QTL on chromosomes 2A, 5A, and 7A is in agreement with previous findings (Huang et al., 2003 (Huang et al., , 2004 Li et al., 2007; Cuthbert et al., 2008; Heidari et al., 2011) . In general, the alleles which increased NS were derived from the elite parent (WCB414). This result suggests that the alleles from the branched parent (WCB 617) are associated with poor tiller capacity, consistent with the negative correlation observed between PSS and NS in the present (Supplementary Table 4 ) and previous studies (Percival, 1921; Hucl and Fowler, 1992) .
The location of a consistent QTL associated with GY on chromosome 1DL (QGY.ndsu.1D) has been not reported previously. This minor QTL also overlapped two consistent QTL for PH (QPH.ndsu.1D) and Nd (QNd. ndsu.1D). On the other hand, the location of a QTL for GY on chromosome 2DS (QGY.ndsu.2D.1) was consistent with previous studies (Huang et al., 2003; Kumar et al., 2007) . This major QTL was located close to the major gene for SS (QSS.ndsu.2D) and explained up to 40.3% PV.
QTL for Plant Adaptation-Related Traits
In addition to yield, other important agronomic traits considered by breeders are PH, Ld, DH, and DM. These traits play an important role in cultivar adaptation and ultimately in final GY. During the last 15 yr, numerous QTL studies have shown that PH, Ld, DH, and DM are controlled by several loci located throughout the wheat genome, whose expression is influenced by environmental conditions (Börner et al., 2002; Sourdille et al., 2000a Sourdille et al., , 2003 Huang et al., 2003 Huang et al., , 2004 McCartney et al., 2005; Marza et al., 2006; Chu et al., 2008; Cuthbert et al., 2008; Wang et al., 2009; Bennett et al., 2012a) . The positive correlations observed between PH and Ld (Supplementary Table 4 ) can be expected, since tall plants are usually more susceptible to Ld. This result is in agreement with the identification of a common definitive QTL for these two traits (QPH.ndsu.4B and QLd.ndsu.4B) located on chromosome 4BS. As described previously, the position of these two QTL coincides with the position of consistent QTL for SL (QSL.ndsu.4B), a putative QTL for Nd (QSL.ndsu.4B), and the major gibberellic acid insensitive semidwarf gene Rht-B1b (Rht1; McCartney et al., 2005; Cuthbert et al., 2008) . The QTL for increased trait values at all those loci on chromosome 4B were contributed by WCB617, meaning that that selection for semidwarf alleles at the 4B locus may also lead to reduced spike dimensions. The reduced spike size observed in the checks (commercial cultivars) as well as in the elite parent (Supplementary Table 1) is probably caused by this gibberellic acid insensitivity gene. However, the inability to detect any QTL for PH on chromosome 4DS where another major gene for PH Rht-D1b (Rht2) is located (McCartney et al., 2005) , suggests that either there was no polymorphism for that locus in the population or RhtD1b (Rht2) has no role in the genetic control of PH in this population. On the other hand, the detection of specific QTL for PH or Ld (Table 2) suggests that these two traits may also have independent genetic control.
Wheat genotypes with fewer DH are expected to mature early in general; therefore, the positive association observed between DH and DM was expected (Supplementary Table 4 ). We observed that positions or CI of QTL for DH and DM located on chromosomes 3A, 3BL, 3D, and 7BL overlapped (Table 2, Fig. 2 ). Chromosome 3A, which was previously also reported to have QTL for DH (Huang et al., 2004) , had major and consistent QTL for DH and DM (QDH.ndsu.3A and QDM.ndsu.3A.1) in this population. Most likely, QDH.ndsu.3A and QDM.ndsu.3A.1 corresponds to the gene associated with earliness per se (Eps) identified earlier in the same region by Shah et al. (1999) . Another consistent QTL with major effect on DH in this population was located on chromosome 2DS (QDH. ndsu.2D; Table 2 ). It is well known that chromosome 2D carries the photoperiod response gene (Ppd1) on chromosome 2DS (Scarth and Law, 1983; Millet, 1986 Millet, , 1987 , and several studies have also reported QTL for DH on 2DS (Börner et al., 2002; Huang et al., 2003; Sorrells et al., 2011; Bennett et al., 2012b) . Comparison of the map location of QDH.ndsu.2D with an earlier study by Sorrells et al. (2011) using flanking markers wPt-3812 and wPt-5014 suggests that QDH.ndsu.2D may represent the Ppd1 gene.
A Major QTL for Glume Pubescence
Glume pubescence plays an adaptive role on dry and cold environments (Börner et al., 2005) and their presence or absence has been considered a major criterion of classification of wheat cultivars (Briggle and Reitz, 1963) . Despite the fact that the genetics of pubescence on glumes in wheat has been studied for almost a century, very few studies have dissected this trait in common wheat using molecular markers (Spielmeyer and Richards, 2004; Khlestkina et al., 2006) . In the present study, although one major QTL and seven minor QTL associated to PP were identified, PVE by these QTL suggests that this trait is mainly controlled by one gene located on chromosome 1AS (QPP.ndsu.1A1; Table 1 ). Interactions of the minor QTL located on chromosomes 1AS, 4AL, 5BS, and 6BS with QPP.ndsu.1A1 could explain the heteropubescent behavior observed in some lines. Previous studies have also shown that hairy glumes are controlled by one gene (Hg) located on chromosome 1AS in Triticeae (McIntosh and Bennett, 1978; Spielmeyer and Richards, 2004; Khlestkina et al., 2006) . Hg is closely linked to the SSR marker gwm136 (Khlestkina et al., 2006) , which in turn is closely linked to the DArT marker wPt-6709 located on the distal region of 1AS (Francki et al., 2009) . In the present study, wPt-6709 was located inside the region flanked by DArT markers wP-1924 and wPt-667180 that defined the major QTL for glume pubescence. Therefore, we conclude that QPP.ndsu.1A.1 corresponds to the Hg gene.
QPP.ndsu.1A1 clustered with QTL for PP, SL, Nd, DH, DM, GY, and KS (QPP.ndsu.1A1, QLPP.ndsu. 1A2, QSL.ndsu.1A1, QNd.ndsu.1A.1, QDH.ndsu.1A.1, QDM. ndsu.1A, QGY.ndsu.1A and QKS.ndsu.1A) . Considering that QPP.ndsu.1A1 was a major QTL that explained up to 91.82% of PV for PP, it is possible glume pubescence may have a role in the control of SL, Nd, DH, DM, GY, and KS. Certainly, PP was correlated with these traits (Supplementary Table 4 ). The effect of glume pubescence on other wheat traits has scarcely been studied; however, an association of glume pubescence with more KSk was reported (Maes et al., 2001) . In the present study, the allele for increased number of KS at QKS.ndsu.1A also was derived from the pubescent parent. On the other hand, the positive association of glume pubescence with SL, Nd, DH, DM, and GY should be a topic for further investigation.
Chromosome 1AL also harbored another cluster of QTL for PP (QPP.ndsu.1A.3), KNd (QKNd.ndsu.1A), NdISk (QNdISk.ndsu.1A), ALT (QALT.ndsu.1A), Nd (QNd.ndsu.1A.2), NS (QNS.ndsu.1A), and SL (QSL. ndsu.1A) showing that these traits share common genomic regions as was also observed through correlation analysis (Supplementary Table 4 ).
Genetic Associations of SS with Other Traits
Using the same population, we have shown previously (Echeverry-Solarte et al., 2014 ) that SS-related traits are mainly controlled by a major and consistent QTL located on chromosome 2DS (QSS.ndsu-2D), and six other QTL located on chromosomes 5B, 6A, 6B, and 7B (QSS.ndsu-5B, . Map locations of those QTL were compared with the location of QTL identified in this study to infer the association of SS with other agronomic, yield, and spike related traits. The present study showed that the position and/or CI of QSS.ndsu-2D overlapped QTL for NdD (QNdD.ndsu.2D), NdISk (QNdISk.ndsu.2D), DH (QDH.ndsu.2D), Ksk (QKSk. ndsu.2D), and PH (QPH.ndsu.2D) (Tables 1 and 2, Fig.  2 ). This finding suggests either a pleiotropic effect of the region associated with SS on these traits or a close genomic association of several QTL controlling these traits independently. These observations also are supported by the correlation analysis between PSS and these traits (Supplementary Table 4) . Interestingly, a previous study using multispikelet line Noa found that, in addition to a gene associated with large number of spikelets on chromosome 2D, this region also had a gene for late heading date which was independent of the daylength sensitive gene ppd (Millet, 1986 (Millet, , 1987 .
In addition to the above mentioned QTL, several other QTL also were located close to QSS.ndsu-2D. These include QTL for SL (QSL.ndsu.2D), Nd (QNd.ndsu.2D), ALT (QALT.ndsu.2D), PH (QPH.ndsu.2D), NS (QNS. ndsu.2D), GY (QGY.ndsu.2D), and KS (QKS.ndsu.2D). The correlation analysis showed that PSS also was correlated with these traits (except PH), demonstrating that branched spikes tend to be long, have high Nd, reduced awn length at the top of the spike, reduced number of tillers, and poor GY (Supplementary Table 4 ). Among these associations, the association between PSS and GY is of interest, considering that QGY.ndsu.2D explained up to 40.3% of PV of GY (Table 2) . However, an increase in SS due to QSS.ndsu-2D may not increase the final yield because the allele for an increase in SS at this locus is associated with a decrease in yield. However, only future studies involving fine mapping of this region will establish whether a single gene is controlling SS, yield, and other traits, or if there are multiple genes controlling these traits independently. If there are multiple genes controlling these traits, it may be possible to break the linkage between negative alleles for GY at QGY.ndsu.2D and alleles for SS at QPSS.ndsu.2D.
Evaluation of Wheat Cultivars and Elite Germplasm for Important QTL
A total of seven cultivars and 14 elite lines of the HRSW program of NDSU were screened for the allelic composition at four consistent QTL, for which WCB617 provided the superior alleles. Most of these cultivars and elite germplasm lack these positive alleles, demonstrating the potential to enrich a breeding program using WCB617 (Fig. 3) . The QTL located on chromosome 1AS with pleiotropic effects on PP, SL, Nd, and KS is of special interest, considering the positive effects of the exotic alleles on KS (Table  2 ) and ultimately on GY. At QKS.ndsu.1A, most HRSW germplasm lacks the alleles associated with increases in KS. A similar situation was observed for QKNd.ndsu.1A and QNdISK.ndsu.1A, where QTL alleles from the SS parent increased the phenotypic values of KNd, which could positively impact GY performance. Except two genotypes (ND0612 and ND703), the remaining HRSW germplasm evaluated in this study lacked alleles present in WCB617, which increased KNd and NdISK.
WCB617 also contributed superior alleles at QDH. ndsu.3A and QDM.ndsu.3A.1, which are probably associated to the Eps gene. However, most of the cultivars and elite lines had the alleles of the elite parent at those two loci associated with a delayed heading and maturity (Table 2 ). This observation suggests that the selection performed for early heading and maturity time in NDSU HRSW germplasm has focused mainly on photoperiod response gene (Ppd1) instead of the Eps gene. At QDH. ndsu.2D, which is associated to Ppd1, most of the cultivars and elite lines harbored alleles from WCB 414 associated with early heading and maturity (data not shown). Another important QTL for which the HRSW germplasm was evaluated was QKS.ndsu.4A. The cultivars and elite checks utilized in this study had WCB414 alleles for QKS.ndsu.4A associated with reduced KS values, suggesting that the introduction of QKS.ndsu.4A alleles from WCB617 could increase KS in HRSW germplasm. Overall, the evaluation of HRSW germplasm clearly suggests that the alleles from the exotic parent could be utilized for the improvement of HRSW germplasm.
Conclusions
A genetic study using a RIL population derived from a cross between an elite parent (WCB414) and an exotic nonadapted line with SS and pubescence (WCB617) resulted in the identification of 60 QTL for spike-related traits and 85 QTL for AIT. The large number of QTL identified in this study demonstrates the richness of using elite × exotic cross for genetic analysis. A major QTL for SS identified on chromosome 2DS had either pleiotropic effect, or is closely linked to QTL associated with several yield and agronomic traits (SL, Nd, NdD, ALT, NdISk, DH, Ksk, PH, NS, KS, and GY), suggesting that SS has high impact on spike morphology, and ultimately on GY. Similarly, the influence of glume pubescence on SL, Nd, DH, DM, KS, and GY was supported by the identification of a cluster of colocalizing QTL on chromosome 1AS controlling these traits. Several QTL reported in this study were highly consistent AE. The development of molecular markers from these loci could be useful for integrating valuable traits and increasing genetic diversity in wheat breeding programs. .1A) , number of nodes with immature spikelets (QNdISk.ndsu.1A), DH (QDH.ndsu.3A), DM (QDM.ndsu.3A.1), and KS (QKS.ndsu.4A). Except for NdISk, the exotic SS parent (WCB617) bears superior alleles (blue color) at these QTL. The absence of these superior alleles in most of the cultivars and elite lines demonstrates the potential of WCB617 to enhance existing breeding programs.
